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Abstract 
Distances required to atomize, mix, and react 
NzH4 and Na04 were experimentally determined for a 
quadlet injector element at 19 atmospheres and an 
oxidant-fuel weight ratio of 1.0. Streams of like 
propellants were diagonally opposite at an impinge- 
ment angle of 90°. Silhouette photographs showed 
that atomization of the propellant streams occurred 
in less than 1 inch, and vaporizing pockets of N e  
extended downstream for 4 inches or l e s s .  Ther- 
mocouple measurements shared that the hottest gases 
were in the oxidant-rich zones; fuel-rich gases 
appeared to be influenced by the decomposition re- 
action of hydrazine. Temperatures approached 
steady-state values 11 inches or more from the in- 
jector. Spectral radiation bands of NH, OH, and 
MI2 were most intense in the fuel-rich and well- 
mixed zones; pyrometer measurements of Ha0 radi- 
ation were highest in the oxidizer-rich and well- 
mixed zones. Concentration profiles of H20 were 
determined from measured radiation and gas tempera- 
ture and plotted as a function of axial distance. 
The resulting curves compared favorably with H20 
concentrations calculated for combustion profiles 
limited by either fuel or oxidant vaporization. 
summary 
Photographs, thermocouple measurements, and 
emission spectra were used to study the atomiza- 
tion, mixing, and reaction characteristics of hy- 
drazine and nitrogen tetroxide. The propellants 
were injected through a quadlet element into a 
2-inch diameter combustor at an oxidant-fuel weight 
ratio of 1.0, chamber pressure of approximately 19 
atmospheres, and contraction ratio of 9.85. 
pellant behavior was followed from the point of in- 
jection to the mixed product gases 18 inches down- 
stream. 
Pro- 
Silhouette photographs of the impinging jets 
indicated atomization of the liquid propellants 
occurred in less than 1 inch. 
showed that perturbations in the atomization dis- 
tance were repetitive with a period of approxi- 
mately 0.8 milliseconds. Photographs taken through 
a transparent chamber showed that opaque pockets of 
No2 extended from 2 to 4 inches downstream from the 
injection point. Pockets of fuel-rich gases were 
essentially transparent and hence could not be dis- 
tinguished downstream from the impingement point. 
When like propellants were injected on opposite 
sides of the element, the photographs showed that 
the fuel-injected sides of the chamber remained 
fuel-rich with respect to the metered oxidant-fuel 
weight ratio; oxidant-injected sides of the chamber 
remained relatively oxidant-rich. This behavior 
was attributed in part to interfacial or liquid 
phase reactions which were sufficiently fast and 
Frame-by-frame study 
energetic to prevent appreciable jet inter- 
penetration and mixing in the liquid phase. 
Uncorrected measurements by tungsten-rheoium 
alloy thermocouples corresponded to maximum gas 
temperatures of 2910° K on the oxidizer-injected 
sides of the chamber, and 1750° K or more on the 
fuel-injected sides. The highest temperature, when 
corrected for losses, is close to the calculated 
stoichiometric gas temperature of 3160’ K; the 
lowest temperatures are above the calculated tem- 
perature of 1465’ K for hydrazine decomposing to 
ammonia, hydrogen, and nitrogen. Gas temperatures 
near the axis of the chamber indicated that pro- 
ducts were well mixed at downstream axial distances 
of 11 inches or more from the injector. 
Photographic emission spectra from the gases 
near the injector were limited principally to the 
transparent gases on the fuel-injected sides ofothe 
combustor. Spectral radiation from NH at 3360 Ang- 
stroms wavelength was concentrated close to the 
atomizing fuel jets and reached maximum intensity 
1 inch from the impingement point of the jets. In- 
tensities of the OH radical as measured by a pho- 
tometer were consistently higher on the fuel- 
injected sides of the combustor in spite of higher 
measured gas temperatures on the oxidant-injected 
sides. At least part of this difference was at- 
tributed to the presence of NO and N e  on the 
oxidizer-injected sides. These gases absorb 
strongly in the ultraviolet range and therefore 
attenuate the OH radiation intensities for large 
distances downstream. 
Totdl gas radiation, monitored by a pyrometer, 
was highest on the oxidizer-injected sides of the 
combustor for most of the chamber length. The 
near-infrared emission bands of water vapor were 
considered responsible for most of this radiation, 
and therefore the radiation intensity-distance 
curves were assumed to reflect the changes in water 
vapor concentration and temperature with mixing and 
reaction. 
Measured gas temperatures and total radiation 
intensities were used with Planck’s radiation law 
and a thin gas approximation (low gas emissivity) 
to calculate the concentration profiles of %O as a 
function of axial downstream distance. The re- 
sulting curves were compared with WO concentra- 
tions derived from combustion profiles limited by 
either fuel or oxidant vaporization. 
curves showed that the experimentally determined 
concentrations matched those determined for 
vaporization-limited combustion if the fuel-rich and 
oxidant-rich sides of the chamber were considered. 
It was concluded from this study that the im- 
pingement of hydrazine and nitrogen tetroxide in a 
quadlet element was not effective in prodccing a 
homogeneous mixture of fuel and oxidant, and that 
Comparison of 
the resulting stratification persisted for large 
axial lengths. 
Introduction 
Many researchers have considered the physical 
behavior of N 8 4  and NzO4 jets to be approximately 
described by nonreactive an< rluiLinisZible IiTdidS 
(refs. 1 to 3). However, if the hypergolic pro- 
perties of these propellants cause the jets to be 
diverted away from the impingement point, the pro- 
pellants will not mix and react in the short dis- 
tances necessary for good performance and hardware 
design, (refs. 4 to 6). Study of the physical be- 
havior at the impingement point should therefore 
be coupled with examination of the corresponding 
chemical behavior in this region. 
Analytical studies of hydrazine-nitrogen te- 
troxide performance have been hampered by a lack of 
information on the effects of atomization, vapori- 
zation, and the decomposition reactions of both 
propellants (refs.7 and 8). Ignition and gas phase 
kinetic reactions have been studied for this system 
but corresponding studies in a high pressure com- 
bustor with liquid phase injection have been 
lacking (refs. 9 and 10). 
It was the purpose of this study to obtain 
more information on the physical processes of 
atomization, vaporization, and mixing as w e l l  as 
determine by means of temperatures and emission 
spectra which controlling chemical processes are 
taking place. This information can serve to define 
a more accurate analytical model to the overall 
combustion of liquid hydrazine and liquid nitrogen 
tetroxide in a rocket combustion chamber. 
Silhouette photographs were used to determine 
the chamber length required to atomize the im- 
pinging jets, vaporize and react the optically 
dense NO2; and to observe time-varying processes 
near the impingement point. IPungsten/tungsten- 
rhenium thermocouples irere used to determine the 
gas temperature profile as a function of axial 
downstream distance. 
NH, OH, and "2 were used to determine apparent de- 
composition and oxidation reaction zones. 
rometer measurements of total radiation due pri- 
marily to &O radiation were used to determine the 
extent of reaction as a function of axial down- 
stream distance. merimentally determined %O 
concentrations were compared with those determined 
for vaporization-limited combustion. 
Spectral radiation bands of 
Py- 
Apparatus and Procedure 
Combustor 
An impinging quadlet injector element was used 
for all combustor tests. The four tubes were po- 
sitioned as sham in figure l, with impingement at 
an included angle of 90° (45O to the combustor 
axis). The inside diameter of each tube was 
0.068f0.001 inch and the free stream length of each 
jet was less than 0.1 inch before impingement. The 
alignment of the tubes had a large effect on the 
axial symmetry of the spray pattern. Hence, the 
injector was inspected and flow checked with water 
periodically to insure constancy of test condi- 
tions. 
All combustor parts except the nozzle w e i - t  
made of stainless steel to prevent surface re- 
actions with the propellants and emission spectr,l 
from the metal oxides, especially ccpper. A copper 
nozzle was used since it maintained its dimensions 
better than stainless steel, and did not introduce 
any copper compound emission spectra. Run lengths 
were between 1.0 and 1.5 seconds, with equilibrium 
flow and chLxber established 0.8 zccsnd sr l e c c .  
after ignition. Chamber pressure was 19 atmo- 
spheres, oxidant-fie1 weight ratio was 1.0 and 
contraction ratio was 9.85. 
the calculated jet velocity of the hydrazine was 
95 feet per second and that of the nitrogen te- 
troxide was 64 feet per second. Windowed or trans- 
parent plastic chamber sections permitted obser- 
vation of the combustor gases from the impingement 
point to 18 inches downstream. 
At these conditions, 
Photographs 
Illumination for silhouette photographs of 
the atomization zone was provided by a zirconium 
continuous arc source. 
verging lens, engine windows, and spray to the ro- 
tating prism camera. 
these photographs was 33 microseconds at a rate of 
6000 frames per second per second. 
tungsten rated color film was used in the camera. 
Photographic spectra of the combustor gases 
Light passed through a con- 
Effective exposure time for 
High speed 
were obtained on a 35 millimeter film strip using a 
1.5 meter grating spectrograph with quart optics. 
A spectral slitwidth of approximately 20 kgstroms 
was required for the 1.0 second exposure time. The 
shutter was programmed to open automatically in the 
middle of the combustor test run. !Phe spegtral 
range of the spectrograph was 2100 - 7800 Ang- 
stroms, but the spectral intensities within the 
combustor, and the photographic film limitations 
stroms. 
this range to approximately 2500 to 6500 
Other Instrumentation 
Ultraviolet radiation intensities in the spec- 
tral range 2600 - 4000 angstroms were measured with 
a bandpass photometer consisting of an absorption 
filter, phototube with ultraviolet sensitivity, and 
amplifier. 
average ultraviolet radiation intensity as a func- 
tion of time. 
corded in the same manner, with a mirror-type py- 
rometer responding to infrared radiation between 
0.8 and 3.5 microns. 
A voltage-time recorder plotted the 
Total radiation intensities were re- 
Gas temperatures in the combustor were ob- 
tained from the thermovoltages generated by 
tungsten/tungsten-26 percent rhenium bare wire 
thermocouples. 
proximately twice the 0.015 inch diameter of the 
wires. 
from the alumina and stainless steel holder. Coat- 
ing the metal with silicon rubber before each run 
increased the life of the alumina and stainless 
steel holder so that the thermocouples stayed in 
position long enough to reach equilibrium. Most of 
the thermocouple junctions withstood the combustion 
environment for at least one run, especially in the 
nonoxidizing (fuel-rich) gas zones. 
that the oxidation of the junction itself could 
The junctions were welded beads ap- 
The junction extended approximately 0.1 inch 
It is obvious 
increase  t h e  apparent temperature of the  gases i n  
oxid izer - r ich  zones. However, t h i s  w i l l  be most 
se r ious  a t  mixture r a t i o s  grea te r  than 1.5 and 
tcmperatures above 3000' K. 
Readings were taken on opposite s i d e s  of the  
The thermo- 
chamber, averaged i f  within 10 percent, or r e -  
peated i f  t h e  d i f fe rence  was l a r g e r .  
ccuple measurPmPnts must be corrected f o r  junct ion 
r a d i a t i o n  and thermal conduction of the  thermo- 
couple wires .  A maximum e r r o r  i n  gas temperature 
of 300' K w i l l  occur a t  an indicated gas tempera- 
t u r e  of 2900' K i f  t h e  combustor w a l l s  a r e  assumed 
t o  be 1370' K, t h e  gases within t h e  chamber t r a n s -  
parent ,  and t h e  temperiture of t h e  thermocouple 
wire  outs ide t h e  combustor 300' K. 
decreases  t o  20' K a t  .a indicated temperature of 
2260' K .  Unfortunately, t h e  exact e r r o r  i n  tem- 
peratures  caused by rad ia t ion  and conduction of t h e  
thermocouple cannot be determined; t h e  above as- 
sumptions were considered extreme. 
The t o t a l  e r r o r  
gases approached the  temperatures of r e i c t p d  and 
mixed products. The temperature profile LIcrlss; t t r  
chamber i n  t h e  downstream pos i t ions  was due t o  h c i l  
t r a n s f e r  t o  t h e  combustor w d l s ,  r a d i a l  v a r i a t i o n s  
i n  t h e  oxidant-fuel weight r a t i o ,  or a combination 
of these  f a c t o r s .  For example, a decrease i n  cor( 
temperature of 100' K, from 2760' K a t  11 inches 
downstream t o  2660' K a t  18 inches downstream, can 
account f o r  heat  t r a n s f e r  t o  t h e  walls of 1 Btu/ 
( s q  i n . ) ( s e c j .  AS noted i l l  f i g a e  4, the  gas tez- 
pera tures  derived from thermocouple measurements 
are uncorrected f o r  rad ia t ion  from t h e  junct ion 
and conduction along t h e  wires. Because of t h e  
low conduct ivi ty  of tungsten, and t h e  exposure of 
0.1 inch of thermocouple wire t o  the  high tem- 
pera ture  gases, t h e  major e r r o r  i n  t h e  thermocouple 
reading should be due t o  r a d i a t i o n  l o s s e s  from the  
junct ion.  The estimated maximum temperature cor-  
r e c t i o n  would r a i s e  t h e  maximum measured gas tem- 
pera tures  from 2910° t o  32100 K, or approximately 
50' K above t h e  ca lcu la ted  temperature f o r  equi- 
l ib r ium products ca lcu la ted  according t o  t h e  pro- 
cedures out l ined i n  reference 11. 
Experimental Resul ts  
S i lhouet te  Photographs Photographic Spectra  
Photographs were taken with e i t h e r  the  win- 
dowed or p l a s t i c  chamber i n  pos i t ion  between t h e  
i n j e c t o r  element and t h e  nozzle, f igure  2 .  They 
showed t h a t  t h e  atomization d is tance  w a s  not  con- 
s t a n t ,  but var ied  from 0.3 t o  1 . 3  inches from t h e  
impingement point ,  with an average dis tance of 
l e s s  than 1 inch. This v a r i a t i o n  was r e p e t i t i v e ,  
with a per iod of approximately 0.8 millisecond. 
I n j e c t i o n  v e l o c i t i e s  of the  N2H4 and N2O4 were not  
equal  (95 and 64 f t / sec) ;  and a x i a l  v e l o c i t i e s  of 
t h e  impinging l i q u i d s  as measured from the  photo- 
graphs appeared t o  vary within those l i m i t s .  
photographs showed dense oxidizer  streams r e -  
tu rn ing  t o  t h e  combustor wal ls  a t  an angle of 45' 
t o  t h e  a x i s  of t h e  combustor. This behavior pre-  
vented complete mixing with or penetrat ion of t h e  
f u e l  by t h e  oxidizer  streams. 
a t  t h e  Jet Propulsion Laboratory ( r e f .  6) using 
much l a r g e r  unl ike impinging j e t s  indicated simi- 
lar behavior. A t  a mixture r a t i o  of 1.0, t h e  mo- 
mentum of t h e  f u e l  streams exceeded t h a t  of the  
oxidizer  streams by near ly  50 percent .  Liquid 
f u e l  therefore  tended t o  occupy t h e  core of the  
impingement zone with the  oxidizer  streams r e -  
pe l led  from t h e  f u e l  a t  t h e  i n t e r f a c e .  
Some 
Performance t e s t s  
Dense pockets of NOz, i d e n t i f i e d  by t h e i r  
reddish-brown color ,  extended downstream f o r  ap- 
proximately 4 inches with v e l o c i t i e s  t h a t  ranged 
from 65 t o  190 feet per second, f i g u r e  3. Liquid 
N2%, appearing as  a gray a rea  near t h e  impingement 
point ,  disappeared soon a f t e r  atomization was com- 
p le ted ,  e .g . ,  2 inches downstream. 
Thermocouple Measurements 
Gas temperatures within t h e  combustor, as 
determined by tungsten/tungsten-26 percent rhe- 
ium thermocouples, var ied  from 1750° K on t h e  
fue l - in jec ted  s i d e s  of t h e  combustor t o  2910' K on 
t h e  oxidant- injected s ides  of t h e  combustor as 
shown i n  f igure  4. Maximum combustor tempera- 
tures occurred on t h e  oxidizer- injected s ides  from 
2.75 t o  5.5 inches from t h e  impingement point .  
Temperatures on t h e  fue l - in jec ted  s ides  were con- 
s iderably  lower; i n  t h e  downstream pos i t ions ,  
Spectra  of t h e  gases i n  t h e  combustor were 
obtained f o r  t h e  u l t r a v i o l e t  and v i s i b l e  wave- 
l e n g t h  spectrum. OH bands from 2600 t o  3500 2 
and NH bands centered a t  3360 and 3370 2 were the  
p r i n c i p a l  r a d i a t i n g  species  i n  t h e  u l t r a v i o l e t  
range. When e i t h e r  t h e  photographic exposure or  
s l i t w i d t h  was increased consider bly, t h e  NH2 ra- 
U l t r a v i o l e t  and v i s i b l e  rad ia t ion  from t h e  com- 
bustor  gases were considerably more in tense  on t h e  
f u e l - r i c h  s i d e s  of t h e  combustor. For example, 
t h e  NH band a t  3360 8 reached a maximum i n t e n s i t y  
(corresponding t o  maximum densi ty  on t h e  film) a t  
a d is tance  of 1 inch from t h e  i n j e c t o r  on t h e  fue l -  
r i c h  s i d e s  on the  combustor as  shown i n  f i g u r e  5. 
Oxidizer-rich gases apparently absorbed most of t h e  
NH r a d i a t i o n  near t h e  i n j e c t o r .  
d i a t i o n  bands from 5000 t o  7000 f were recorded. 
Photometer and Pyrometer Data 
The u l t r a v i o l e t  OH bands and t h e  i n f r a r e d  H2O 
bands were considered t h e  s t ronges t  s p e c t r a l  e m i t -  
ters i n  t h e  combustor. A photometer and pyrometer, 
respec t ive ly ,  were t h e  most r e l i a b l e  means of r e -  
cording t h e i r  r a d i a n t  i n t e n s i t i e s  i n  terms of aver-  
age output vol tages .  Figure 6 shows t h e  photometer 
output as a funct ion of a x i a l  downstream dis tance  
from t h e  i n j e c t o r .  U l t r a v i o l e t  emission from t h e  
gases increased i n  i n t e n s i t y  with increasing a x i a l  
dis tance,  and was  cons is ten t ly  higher on t h e  f u e l -  
r i c h  s i d e s  of t h e  combustor even though higher gas  
temperatures were recorded by t h e  thermocouples i n  
t h e  oxidizer-r ich gases .  A s  i n  t h e  case of NH, t h e  
OH r a d i a t i o n  was a t tenuated by t h e  oxid izer - r ich  
gases .  
Output of t h e  t o t a l  r a d i a t i o n  pyrometer i s  
shown i n  f i g u r e  7 as a funct ion of t h e  a x i a l  down- 
stream dis tance  f o r  t h e  fue l - in jec ted  and oxidizer-  
i n j e c t e d  s i d e s  of t h e  combustor. Inf ra red  i n -  
t e n s i t i e s  increased rap id ly  f o r  t h e  f i r s t  4 inches 
from t h e  i n j e c t o r  and then slowly increased t o  
f i n a l  values t h a t  were c lose  t o  t h e  mixed 
equilibrium-product rad ia t ion .  Total  r a d i a t i o n  
from gases on t h e  oxidizer- injected s i d e s  w a s  
3 
c a n s i s t e n t l y  higher than t h a t  on the  fue l -  
i n j e c t e d  s i d e s  f o r  most of t h e  combustor length .  
This r e s u l t  i s  i n  cont ras t  t o  t h a t  f o r  t h e  u l t r a -  
v i o l e t  r a d i a t i o n  which w a s  higher on t h e  f u e l -  
i n j e c t e d  s i d e s  of t h e  combustor. 
Occasional combustor t e s t s  showed an o s c i l -  
l a t o r y  r a t h e r  than s t a b l e  pe5sin-e environment 
with an amplitude a s  high a s  50 percent of t h e  
chamber pressure.  The mode of o s c i l l a t i o r ,  was 
i d e n t i f i e d  as t h e  f i r s t  longi tudina l  mode. Gener- 
a l l y ,  mixing w a s  enhanced by the o s c i l l a t o r y  
burning, and t h e  r a d i a t i o n  i n t e n s i t i e s  on the  
fue l - in jec ted  s ides  of t h e  combustor became equal 
t o  those on t h e  oxid izer - in jec ted  s i d e s .  This is 
shown i n  f i g u r e  6 for u l t r a v i o l e t  r a d i a t i o n  a s  
wel l  a s  i n  f i g u r e  7 f o r  t h e  i n f r a r e d  r a d i a t i o n  
data .  
Discussion 
Large densi ty  and temperature gradients  w i t h -  
i n  t h e  combustor reduced t h e  s p a t i a l  reso lu t ion  of  
t h e  photographs i n  f igure  2, and t h e  33 micro- 
second exposure time of each frame w a s  t o o  long t o  
s top  high-velocity droplets .  However, t h e  photo- 
graphs d i d  show t h e  approximate end of propel lant  
ligaments from 0.3 t o  1.3 inches from t h e  impinge- 
ment po in t .  Any l i q u i d  t h a t  extended beyond t h i s  
d i s tance  should be i n  t h e  form of individual  drop- 
l e t s .  
Based on t h e  v a r i a t i o n  i n  i n j e c t i o n  v e l o c i t i e s  
o f  t h e  propel lan ts ,  t h e  average 1- inch atomization 
d is tance  corresponds t o  a time of 0.9 t o  1.3 m i l l i -  
seconds. It is  perhaps f o r t u i t o u s  t h a t  these  times 
bracket  t h e  minimum i g n i t i o n  delay observed f o r  
these  propel lan ts  i n  t h e  l i q u i d  phase i n  bomb 
t e s t s  of 1 .2  milliseconds, reference 12. Aside 
from t h i s  comparison, t h e r e  d id  not appear t o  be 
any l a rge ,  highly exothermic reac t ion  upon impact 
of t h e  f u e l  and oxidizer  streams. Thermocouples 
placed a t  or s l i g h t l y  below t h e  impingement poin t  
remained e s s e n t i a l l y  a t  l i q u i d  temperature. The 
only ind ica t ion  of immediate reac t ion  between t h e  
f u e l  and oxidizer  was  a r e p e l l i n g  force encountered 
a t  t h e  impingement poin t .  The j e t s ,  r a t h e r  than 
forming a uniform propel lant  d i s t r i b u t i o n ,  ap- 
peared t o  be repe l led  after contact  and, re turned 
t o  the s i d e s  of the chamber from which they were 
in jec ted .  
It was estimated t h a t  t h e  heat  re leased  by 
t h e  i n t e r f a c i a l  reac t ion  between hydrazine and n i -  
t rogen te t roxide  was 0.015 percent  of t h e  t o t a l  
energy ava i lab le  (da ta  obtained from B.P. Breen of 
Dynamic Science Corporation, Monrovia, Cal i forn ia)  . 
Even this s m a l l  quant i ty  of heat  was considered 
s u f f i c i e n t  t o  overcome t h e  momentum of impingement 
and keep t h e  oxidizer  and f u e l  separated.  That 
study considered the unl ike impingement of %Hq 
and N204 a t  an angle of 90'. In  t h i s  study, with 
l i k e  propel lan t  tubes opposed as shown i n  f igure  
l ( c )  , t h e  contact  area between unl ike propel lan ts  
would not be a plane surface,  but  r a t h e r  an ir- 
regular  surface which i s  a f m c t i o n  of t h e  momen- 
tum r a t i o  between t h e  two propel lan ts .  A few com- 
bustor  t e s t s  were made with l i k e  propel lants  i n  
adjacent  tubes as i n  f i g u r e  l ( d ) .  
formance decreased considerably, and photographs 
showed even more s t r a t i f i c a t i o n  o f  t h e  propeiiarits 
as they moved down t h e  chamber on t h e  same s i d e s  
Combustor per-  
t h a t  they were in jec ted .  It was obvious t h a t  t h e  
i n j e c t o r  arrangement of f igure  l ( c ) ,  provides 
b e t t e r  d i s t r i b u t i o n  of t h e  propel lant  streams. 
A l a r g e  number of poss ib le  reac t ions  a r e  
a v a i l a b l e  i n  t h e  hydrazine-nitrogen te t roxide  sys- 
tem. I g n i t i o n  k i n e t i c s  have been inves t iga ted  by 
Skinner e t  a l .  ( r e f .  9), end t h e  s teady s t a t e  be- 
havior w a s  s tudied i n  a r e a c t o r  by Sawyer [ret ' .  
10) .  
z ine formed an e s s e n t i a l  p a r t  of t h e  o v e r a l l  re- 
ac t ion  mechanism. The simple reac t ion ,  N2H4 -r 
N2 + 2H2 i s  not followed but  r a t h e r  t h e  more exo- 
thermic one: 2N2H4 * ZNH3 + N 2  + H2. Decomposi- 
t i o n  of l i q u i d  hydrazine a t  298' K therefore  r e -  
sults i n  an equi l ibr ium gas temperature of 1465' K 
f o r  a heat  of reac t ion  of 23.1 kcal/mole of hydra- 
zine. The lowest gas temperature measured i n  t h e  
combustor was 1750' K a t  2.75 inches from t h e  i n -  
j e c t o r ,  which may correspond t o  f u e l  decomposition 
i n  t h a t  region.  This was confirmed by a spectro-  
gram of t h e  emit t ing gases which showed NH and NH2 
r a d i c a l  emission i n  t h e  f u e l - r i c h  zones immediately 
downstream of t h e  i n j e c t i o n  poin t .  These r a d i c a l s  
are considered an i n i t i a l  product of t h e  o v e r a l l  
N2H4 decomposition, reference 13. Maximum MI r a d i -  
a t i o n  a t  1 inch from t h e  f u e l  s i d e  of t h e  i n j e c t o r  
therefore  ind ica tes  m a x i m u m  decomposition of t h e  
hydrazine a t  t h e  same poin t  t h a t  atomization takes  
place.  
I n  both s tudies ,  t h e  decomposition of hydra- 
The oxidation reac t ions  i n  the  combustor were 
coincident with o r  c lose ly  followed t h e  decomposi- 
t i o n  of  t h e  f u e l ,  s ince OH r a d i a t i o n  w a s  always ob- 
served i n  regions t h a t  s t rongly  emitted and NH. 
This observation i s  cons is ten t  with t h e  proposed 
reac t ion  mechanisms of Sawyer, reference 10, i n  
which an i n i t i a l  s t e p  i n  t h e  r e a c t i o n  of N2H4 and 
N204 is  t h e  formation of  NO and OH. N2Hq r e a c t s  
f u r t h e r  with NO and OH t o  form t h e  f i n a l  products 
Nz and E O .  In  terms of t h e  o v e r a l l  reac t ion  mech- 
anism, t h e  suggested oxidation reac t ions  a re :  
No emission bands due t o  NO were observed i n  
the emission s p e c t r a  from t h e  combustor. Since 
their  wavelengths are c lose  t o  those f o r  OH, weak 
emission bands could be masked by t h e  very in tense  
OH bands, reference 14. 
Assuming t h a t  t h e  water vapor i n  t h e  combustor 
always remains i n  thermal equilibrium, and t h a t  i t s  
emission band account f o r  most of t h e  i n f r a r e d  ra- 
d ia t ion ,  i t s  concentrat ion can be determined a s  a 
funct ion of t h e  axial  d is tance  downstream from t h e  
i n j e c t o r .  The fue l - r ich  and oxidant-r ich s i d e s  of 
the combustor must be  considered separa te ly  because 
of  t h e  marked d i f fe rences  i n  measured r a d i a t i o n  and 
temperature p r o f i l e s .  The equi l ibr ium concentrat ion 
o f  H20 can be ca lcu la ted  from t h e  equation: 
where 
(4) 
4 
pHz 0 
K 
L 
i s  t h e  p a r t i a l  pressure of water vapor i n  
atmospheres 
i s  a constant which includes the  in tegra ted  
absorpt ion c o e f f i c i e n t  
is  t h e  o p t i c a l  path length through t h e  
combustor, assumed constant a t  5 cm 
a r e  t h e  reference pressure and temperature 
of 19 atm and 2600' K, respec t ive ly  
a r e  constants  i n  Planck's Radiation l a w  
is  t h e  e f f e c t i v e  wavelength of water vapor 
rad ia t ion ,  assumed equal t o  2.6 microns 
is  t h e  gas temperature, taken a s  the  aver- 
age of the  two thermocouple r a d i a l  loca-  
t i o n s ,  and corrected f o r  the  m a x i m u m  ra- 
d i a t i o n  loss .  
The mole f r a c t i o n  of water vapor is  assumed equal 
t o  0.4 a t  18 inches downstream, t h e  value calcu- 
l a t e d  from equi l ibr ium products a t  a fuel-oxidant 
weight r a t i o  of 1 . 0  from reference 11. This equa- 
t i o n  is  v a l i d  f o r  gases with a low emissivi ty ,  that 
is  , " t h i n  gas  approximation. " 
Concentration p r o f i l e s  of t h e  water vapor were 
p l o t t e d  a s  a funct ion of a x i a l  downstream dis tance  
i n  f igure  8. On t h e  fue l - r ich  s ides  of the  com- 
bustor ,  t h e  m a x i m  m o l e  f r a c t i o n  of H 2 0  occurred 
from 2 t o  3 inches downstream. This maximum re-  
sults from the r e l a t i v e l y  high measured rad ia t ion  
a t  these  pos i t ions  coupled with corresponding l o w  
gas  temperatures. It is  poss ib le  that rad ia t ion  
from t h e  2 .2  micron band of " 3  may become impor- 
t a n t  near t h e  i n j e c t o r .  I n  t h a t  case, t h e  maximum 
would represent  an e f f e c t  of t h e  hydrazine decom- 
p o s i t i o n  r e a c t i o n  as w e l l  as those reac t ions  pro- 
ducing H20. On t h e  oxidant- injected s ides  of  the 
combustor, t h e  mole f r a c t i o n  of H20 increased con- 
t inuously wi th  increasing dis tance.  
If t h e  ex ten t  of r e a c t i o n  within t h e  combustor 
can be assumed t o  be pr imari ly  cont ro l led  by vapor- 
i z a t i o n  of one or  both propel lan ts ,  a p r o f i l e  of  
H2O concentrat ion as a funct ion of a x i a l  downstream 
dis tance  similar t o  experimentally derived curves 
can be computed. The combustion reac t ion ,  i f  l i m -  
i t e d  by t h e  vaporizat ion of f u e l ,  w i l l  proceed at 
an i n i t i a l l y  high oxidant-fuel  weight r a t i o .  The 
reverse  will be t r u e  of  oxidant-limited vaporiza- 
t i o n .  Because of t h e  observed s t r a t i f i c a t i o n  o f  
t h e  propel lan t  mixture, t h e  oxidant- injected sides 
of t h e  combustor w e r e  assumed t o  be l i m i t e d  i n  oxi-  
dant  vaporizat ion with an overa l l  mixture r a t i o  
g r e a t e r  than  1.0; gases on t h e  fue l - in jec ted  aides  
were assumed t o  be l i m i t e d  i n  f u e l  vaporizat ion 
with an o v e r a l l  mixture r a t i o  l e s s  than 1.0. De- 
t a i l s  of t h e  ca lcu la t ion  a r e  given i n  t h e  appendix. 
Curves showing t h e  b e s t  f i t  t o  the  d a t a  are p lo t ted  
i n  f igure  8. Mole f r a c t i o n s  derived from t h e  two 
sources agree wel l  considering t h e  assumptions t h a t  
were necessary. S a t i s f a c t o r y  data  on turbulen t  
miXing a r e  not ava i lab le  f o r  t h i s  system, and a 
comprehensive model including both vaporizat ion 
and mixing e f f e c t s  could not be used. 
Conclusions 
The results of t h i s  study show t h a t  t h e  i m -  
pingement of hydrazine and ni t rogen te t roxide  r e -  
s u l t e d  i n  r a p i d  atomization of t h e  l i q u i d  j e t s ,  b u t  
d id  not  produce a homogeneous mixture of f u e l  and 
oxidant drople t s  within the  chamber. Homogeneous 
product gases were obtained only by mixing lengths  
g r e a t e r  than 18 inches or  by t h e  mixing ,achieved 
by longi tudina l  pressure o s c i l l a t i o n s .  
Gas temperatures der ived from uncorrected 
thermocouple measurements var ied  from 300' K above 
t h e  f u e l  decomposition temperature on t h e  f u e l -  
s i d e s  of t h e  combustor t o  250' K below t h e  s t o i -  
chiometric product temperature on t h e  oxidant- 
i n j e c t e d  s i d e s  of t h e  combustor. Rela t ive ly  con- 
s t a n t  thermal p r o f i i e s  were es tab l i shed  a t  11 inches 
or  more from t h e  i n j e c t o r .  
Spec t ra l  r a d i a t i o n  i n t e n s i t i e s  of NH, OH, and 
HZO were determined as  a funct ion of a x i a l  down- 
stream dis tance  from t h e  i n j e c t o r .  Gas tempera- 
tures and r a d i a t i o n  i n t e n s i t i e s  due t o  H20 were 
used with Planck's l a w  and a t h i n  gas approximation 
t o  ca lcu la te  t h e  concentration p r o f i l e s  of H2O as a 
funct ion of a x i a l  downstream dis tance.  The re- 
sulting curves compared favorably with H20 concen- 
t r a t i o n s  derived from t h e  extent  of combustion a s  
l i m i t e d  by e i t h e r  f u e l  or oxidant vaporizat ion.  
Appendix 
Calculated water vapor concentrations were 
der ived from combustion p r o f i l e s  based on t h e  va- 
por iza t ion  rate of e i t h e r  t h e  f u e l  o r  oxidizer .  
The percentages of vaporized propel lan ts  i n  t h e  
combustor can be r e l a t e d  t o  t h e  combustion e f f i -  
ciency 9 by t h e  equation, reference 7 :  
where o/f is  the metered oxidant-to-fuel weight 
r a t i o ,  Go/?+. 
4s is  t h e  r a t i o  of vaporized oxidant t o  vaporized 
fuel, &o&+f 
d is  t h e  percentage of vaporized oxidant 
is  the  percentage of vaporized f u e l  
is  t h e  l i q u i d  oxidant weight flow, lb/sec 
is  t h e  l i q u i d  f u e l  weight flow, lb/sec 
io 
6, 
With t h e  o x i d m t  vaporizat ion l i m i t i n g  t h e  r a t e  of 
reac t ion ,  t h e  combustion e f f ic iency  can be wr i t ten :  
5 
. 
I f  t h e  f u e l  l i m i t s  t h e  r a t e  of reac t ion ,  the e f f i -  
c iency i s :  
f G 
The v a r i a t i o n  of t h e o r e t i c a l  c* over a range 
of mixture r a t i o s  was ca lcu la ted  f o r  equilibrium 
gaseous products a t  a chamber pressure of 20 a t -  
mospheres, reference 11. Then using t h e  above 
equations, c* e f f ic iency  9 was p l o t t e d  as  a 
funct ion of t h e  percentage of propel lant  vaporized, 
a s  shown i n  f igure  A-1.  Reference 7 a l s o  presents  
a c o r r e l a t i o n  of t h e  general ized chamber length  a s  
a funct ion of propel lan t  vaporized. Within t h e  
combustor, chamber length  can be wr i t ten  i n  t h e  
form: 
1.45 0.75 
0.35 -0.66 
which f o r  a chamber pressure Pc of 2 0  atmospheres 
and median drop s i z e  of 0.003 inches reduces t o :  
where lgen is  t h e  general ized length  parameter 
T.l,o,R 
,'+ 
h 
Ja 
.d 
i s  t h e  r a t i o  of propel lan t  temperature t o  
i t s  c r i t i c a l  temperature 
i s  t h e  i n j e c t i o n  ve loc i ty ,  in./sec 
is  t h e  l a t e n t  heat  of vaporization, Btu/lb 
is  t h e  molecular weight of propel lant ,  
l b  mass/lb mole 
is  t h e  cont rac t ion  r a t i o  of t h e  combustor 
For hydrazine, t h e  v a r i a t i o n  i n  chamber length 
with t h e  general ized length  parameter becomes 
2c = Zgen(0.65), and f o r  ni t rogen te t roxide ,  
Z C  = Zgen(1.14). 
2 8 ( f )  of reference 7 can be used with t h e  above ex- 
pressions t o  obta in  the v a r i a t i o n  i n  chamber length  
as a funct ion of t h e  vaporized mass of propel lant ,  
a s  shown i n  f igure  A-2. Since t h e  oxidant vapori- 
za t ion  curve is  above that of t h e  hydrazine, it i s  
apparent t h a t  t h e  combustion i n  t h e  chamber i s  
l i m i t e d  by t h e  oxidant vaporizat ion t o  a grea te r  
ex ten t  than by f u e l  vaporizat ion f o r  a given 
chamber length.  
The cor re la t ion  curve i n  f i g u r e  
The vaporized propel lan t  can be r e l a t e d  t o  the  
extent  of combustion by calculat ine;  t h e  apparml 
l o c a l  oxidant- to-fuel  weight r a t i o  as a runct ion U: 
downstream pos i t ion .  
assumed a t  each pos i t ion ,  a water vapor concentr3- 
t i o n  can be ca lcu la ted  for each l o c a l  mixture 
r a t i o .  Figure A-3 shows various H20 concentration 
p r o f i l e s  as a funct ion of a x i a l  d i s tance  f o r  a 
metered oxidant/fuel weight r a t i o  of 1.0. S t r a t i -  
f i e d  mixture r a t i o s  on t h e  oxidant- injected s ides  
and t h e  fue l - in jec ted  s i d e s  of t h e  c z x h s t o r  Tiere 
2 .0  and 0.5; 1 . 5  and 0.67; and 1 . 2 5  and 0 . 8 ,  r e -  
spec t ive ly .  
If equi l ibr ium products arc 
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Figure A-1. - Vaporization-limited combustion efficiency, 
OIF = 1.0, N+i4 - N p 4  (ref. 71. 
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Figure A-2. - Vaporization-limited combustion, 
N2H4 - N2O4. 
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(a) Combustor with stainless steel windowed chamber. 
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(b) Combustor with 8 i nch  cast acrylic chamber. 
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(c 1 like-on-like impingement. (d) Unlike impingement. 
Figure 1. - N2H4 - Nf14 combustor. Injector: 4-0.068 in. i.d. tubes at 45" to combustor axis. 
Chamber: 2 in. diameter, 20 inches iong. Nozzle 0.640 in. diameter, 3 iii. conical c o w x -  
gence. 
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Figure 2. - Photographs of impinging NZH4 and N F 4  
in  windowed chamber. Fuel jets, f ront  and rear; 
oxidant jets r ight  and left. 6ooo frameslsec; exposure 
3 3 ~ 1 0 - ~  sec at W . 8 .  Prints derived from 16 mm. 
color transparencies. 
(a) Fuel jets front and rear; oxidant jets r ight  and left. 
(b) Fuel jets r ight  and left, oxidant jets f ront  and rear. 6000 frameslsec; exposure 
3 3 ~ 1 0 - ~  sec at W.8.  
Figure 3. - Photographs of impinging jets of N2H4 and Nf14 in transparent chamber. 
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Figure 4. - Uncorrected gas temperature profi le at various 
distances from the injector; O F  = 1.0. 
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Figure 5. - 3360A NH spectral band density as a function 
of axial distance; OIF = 1.0, Pc - 19 atmospheres. 
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Figure 7. -Total radiation as function of axial distance. Principal 
emitter, Hp bands at 0.9, 1.1. 1.4. 1.9, 2 7 microns; OIF - 1.0, 
Pc - 19 atmospheres. 
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